Growth of Escherichia coli in medium containing glucose, at a concentration insufficient to support full growth, and containing lactose, is diauxic. A mutation in the gene, CR, which determines catabolite repression specific to the lac operon, was found to relieve glucose-lactose but not glucose-maltose diauxie. Furthermore, a high concentration of lactose was shown to overcome diauxie in a CR+ strain. Studies on the induction of j3-galactosidase by lactose suggested that glucose inhibits induction by 10-2 M lactose. Preinduction of the lac operon was found to overcome this effect. The ability of glucose to prevent expression of the lac operon by reducing the internal concentration of inducer as well as by catabolite repression is discussed.
Growth of Escherichia coli in media containing two carbon sources at concentrations insufficient to support full growth is often diphasic, depending on the specific carbon sources supplied; the phenomenon has been termed diauxie (11) . When lactose is supplied, the presence of either glucose or gluconate gives rise to diauxie. It has been shown that, in a glucose-lactose medium, the bacteria utilize glucose exclusively during the initial growth phase, and, upon depletion of glucose, utilize lactose during the second growth phase (11) . The enzyme fl-galactosidase, which is required for growth on lactose, has been shown not to be synthesized during growth on glucose and to appear only upon depletion of glucose shortly before growth resumes (5) . The glucose concentration in this experiment was initially 2 X 10-3 M and decreased to a negligible concentration by the end of the first growth phase. During the second growth phase, the enzyme was initially synthesized at the maximal differential rate. Therefore, the concentration of lactose present in these experiments (5 X 10-3 M) is sufficient to cause full induction of fl-galactosidase in lac+ cells in the absence of glucose. Thus, it appears that glucose, even at very low concentrations, completely inhibits the induction of 6B-galactosidase by 5 x 10-3 M lactose.
It has been shown that glucose represses many different enzymes (12) . However, it appears that the repression is elicited by catabolites of glucose rather than by glucose per se (9, 12) . The phenomenon has been termed catabolite repression (10) . It is thought that the degree of repression of a specific operon is determined by the concentra-1 Present address: Department of Biology, University of California in San Diego, La Jolla. tion of one or more catabolites which can be derived from different carbon sources. We have recently been able to isolate a mutant strain of E. coli which is insensitive to catabolite repression specific to the lac operon (8) . The strain carries a mutation in a gene, CR, which maps genetically distant to the lac operon and near the tryptophan genes (Loomis and Magasanik, J. Mol. Biol., in press).
We used this mutant to determine whether catabolite repression is primarily responsible for the diauxic growth of E. coli on a mixture of glucose and lactose. We found that the primary cause is not repression, but interference by glucose with the uptake of lactose in glucose-grown CR+ cells containing only a basal level of fl-galactoside permease. The ability of the catabolite-insensitive mutant to grow without interruption on a mixture of glucose and lactose may reflect the higher level of permease in the glucose-grown CR-cells. (8) . Strain LA-12G is a derivative of strain LA-12 selected for rapid growth on glucose. Both strains were shown to be insensitive to catabolite repression specific to ,Bgalactosidase and ,B-galactoside permease (8) . Galactosidase synthesis in strain LA-12G was shown to be resistant to catabolite repression elicited by a variety of carbon sources, even when anabolism was limited by nitrogen starvation (8) . No other effects of the mutation were observed. Strain 3.000 was found to grow in minimal medium containing 10-3 M glucose and 10-2 M lactose in a diauxic manner; strain LA-12G, however, grew in this medium without interruption ( Fig. la,b) . Likewise, minimal medium containing 5 X 10-4 M glucose and 10-2 M lactose gave rise to a diauxie in the growth of strain 3.000 but not in the growth of strain LA-12 ( Fig. lc,d ). Minimal medium containing 5 X 10-4 M glucose and 10-2 M maltose gave rise to a diauxie in the growth of both strain 3.000 and strain LA-12 ( Fig. le,f) . It is apparent that a mutation in the CR gene relieves glucose-lactose diauxie but not glucose-maltose diauxie.
To define further the relation of the CR gene to diauxie, we determined the differential rate of,-galactosidase synthesis in CR+ and CR-cells suspended in media containing 10-2 M lactose and either 10-2 M glucose or 2 X 10-2 M glycerol. As can be seen in Fig. 2 , cells of both strain 3.000 and strain LA-12G formed f-galactosidase at a high rate in the media containing glycerol and lactose. The CR+ cells of strain 3.000 formed no appreciable enzyme in medium containing glucose and lactose. The CR-cells of strain LA-12G suspended in medium containing glucose and lactose synthesized ,B-galactosidase, but at a low Fig.   3 , f-galactosidase is rapidly induced by 10-3 M IPTG under these conditions. Cells which were immediately removed from the medium containing IPTG failed to synthesize ,3-galactosidase in the glucose-lactose medium, whereas those which had been incubated in the presence of IPTG for either 5 or 15 min continued to synthesize jgalactosidase in the glucose-lactose medium. It appears that a short period of preinduction gives rise to partial protection against glucose inhibition of induction by 10-2 M lactose and that further synthesis of the products of the lac operon gives greater protection. (3) have also shown that the repression of,-galactosidase by glucose is reduced to about 50% when the concentration of TMG is increased to 2 X 10-2 M. Therefore, a high concentration of lactose might also give rise to reduced repression of the lac operon by glucose and thus allow continuous growth in a glucose-lactose medium. A culture of strain 3.000 was suspended in a medium containing 10-3 M glucose and 8 X 10-2 M lactose. The bacteria grew with no observable lag (Fig. 4) . It appears that diauxie is overcome by a high concentration of lactose.
DISCUSSION
It is known that lactose enters the cell by means of the ,8-galactoside permease and is converted to the active inducer by ,B-galactosidase (1). Consequently, the induction of the lac operon by lactose is facilitated by these enzyme activities.
Cohn and Horibata (3) permease, but not of f3-galactosidase alone, overcomes the severe repression by glucose in cells suspended in medium containing low levels of TMG. Kepes (6) has shown that the presence of glucose in the medium greatly reduces the internal concentration of TMG in cells lacking fl-galactoside permease activity. The presence of permease activity overcomes this effect of glucose. Thus, it is likely that the severe inhibition by glucose of,Bgalactosidase synthesis in uninduced cells incubated in the presence of 10-2 M lactose is the result of a reduction of the internal concentration of lactose by glucose to a level insufficient for induction.
We have shown that preindtiction of the lac operon for 5 min allows induction by 10-2 M lactose in the presence of glucose (Fig. 3) . Furthermore, a high concentration of lactose (8 X 10-2 M) was shown to overcome diauxie (Fig. 4) , suggesting that the lac operon was induced by 8 X 10-2 M lactose before depletion of glucose. Both of these observations may be explained as the result of an increased internal concentration of lactose in cells growing in the presence of glucose, resulting, in the first case, from increased permease activity, and, in the second case, from the higher external concentration of lactose.
Clark and Marr (2) have shown that the repression of,B-galactosidase in permease-negative cells by glucose is stronger when the cells are induced by concentrations of IPTG less than that which gives maximal induction. It is possible that the reduction in internal concentration of inducer by glucose accounts for this effect.
The glucose analogue, a-methyl-D-glucoside, repressed ,B-galactosidase in cells induced by . However, no repression by 10-2 M a-methyl-D-glUCOside is observed in cells incubated in the presence of 10-3 M IPTG (Loomis and Magasanik, unpublished data). It is possible that a-methyl-D-glucoside represses i3-galactosidase by reducing the internal concentration of inducer leading to a lower rate of induction.
Diauxic growth in medium containing 10-2 M lactose and insufficient glucose to support full growth may result, therefore, from the complete repression of the lac operon by reduction of the internal inducer concentration by glucose.
The primary effect of the mutation which makes E. coli resistant to catabolite repression of the lac operon (CR-) does not appear to be an alteration of the mechanism of induction. This is shown by the observation that the rate of the un- is therefore somewhat surprising to find that the mutation to CR-has specifically abolished the glucose-lactose diauxie (Fig. 1) . The CR-cells. in contrast to CR+ cells, can be induced by 10-2 M lactose in the presence of glucose, though initially the rate of enzyme synthesis is much lower in the presence of glucose than in its absence (Fig. 2) . We suggest that this induction is a reflection of the higher basal level of f-galactoside permease of glucose-grown CR-cells compared with glucose-grown CR+ cells. The limitations of the assay method make it difficult to determine the uninduced levels of permease with sufficient accuracy to prove this assumption; however, the basal level of f-galactosidase is three times higher in glucose-grown CR- (1) . Furthermore, since CR-cells are able to synthesize the products of the lac operon in the presence of glucose twice as fast as CR+ cells (8) , their susceptibility to induction by lactose rapidly increases in the glucose-lactose medium. In fact, the kinetics of f-galactosidase synthesis in CRcells incubated in the presence of 10-2 M lactose and 10-2 M glucose (Fig. 2) are very similar to those of CR+ cells incubated in such a medium after a 5-min period of preinduction (Fig. 3) .
In summary, the phenomenon of glucose-lactose diauxie, the preferential utilization of glucose before lactose, appears to result from catabolite repression specific to the lac operon. Catabolite repression reduces the basal level of permease in glucose grown CR+ cells so that insufficient activity is present to overcome the ability of glucose to reduce the internal concentration of inducer. It appears that glucose can affect the rate of expression of the lac operon by at least two distinct mechanisms: by reducing the internal concentration of inducers of the lac operon, as shown here, and by catabolite repression of the lac operon depending on a functional CR gene, as shown in a previous publication (8) .
